ABSTRACT Microinjection into an axon of an identified invertebrate neuron is shown to be a useful technique for analyzing the mechanism of fast axonal transport. It permits direct assessment ofthe effect ofagents that cannot permeate the plasma membrane on the translocation of material in the axon. The actin filament depolymerizer DNase I, when injected into the axon of the A3plysia neuron R2, caused a local block df fast transport of [H]glycoprotein. Two agents that should interfere with the functioning of actin filaments without causing extensive depolymerization, the N-ethylmaleimide-modified nuclease SI fragment of myosin (injected) and dihydrocytochalasin B (applied externally), had no effect. Together these results suggest that actin plays a structural role in the axonal cytoskeleton rather than a role in transport force generation, the effect of DNase I being mediated by structural disordering of the axoplasm. Experiments were also done with 'inhibitors of dynein, the microtubule-associated ATPase. erythro-9-[3-(2-Hydroxynonyl)]adenine blocked transport but vanadate was ineffective.
The study of cell motility has been aided greatly by the use of preparations in which the experimenter has direct access to the cytoplasm.and, thus, the motile machinery. There are three general types of such preparations: (i) isolated cytoplasm, as used in the study ofameboid movement (1); (ii) cells with plasma membranes that have been permeabilized by treatment with detergent, as used to study mitosis (2) ; and (iii) large cells into which materials are introduced by injection through an impaling micropipette, such as amebae (3) and egg cells (4) . One advantage of these preparations is that they permit analysis of the mechanism of motility by using agents that interact specifically with suspected constituents of the motile apparatus but do not readily permeate an intact plasma membrane. 'Evaluation ofthe role of actin in a motile process should especially benefit from accessibility to the cytoplasm, because the small repertory of actin-specific agents has lately been augmented by the introduction of several nonpermeant agents.
Fast axonal transport is a motile process.in neurons in which organelles, such as transmitter storage vesicles, travel from their somal birthplace to areas ofutilization in the axon and synapses and lysosomes laden with cellular debris make the return trip (5) . It may be a manifestation of the saltatory organelle movement that is seen in several other types of cells (6) . The properties of fast transport are well described, but the molecular mechanism is not understood, although morphological and pharmacological data suggest a role for microtubules (5) .
Recently, Isenberg et al. (7) and Goldberg et al (8) reported the use of "direct access" preparations to analyze the mechanism offast transport. Actin-specific agents were microinjected into the cell bodies of giant invertebrate neurons, and some were found to inhibit transport. Injection into the cell body does not, however, allow one to distinguish an actual impairment of organelle translocation in the axon caused by diffusion of the inhibitor into the initial segment from effects on somal processes such as assembly and mobilization of organelles for export. A resolution of this ambiguity is reported here with the microinjection of agents directly into the axon of an identified neuron.
A preliminary account ofsome ofthese experiments has been published (9).
MATERIALS AND METHODS Animals and Intracellular Injections. Aplysia californica weighing 90-150 g were obtained from Pacific Biomarine Supply (Venice, CA) or Marine Specimens (Pacific Palisades, CA) and kept at 15'C in aquaria containing aerated Instant Ocean (Aquarium Systems, Eastlake, OH). The animals were fed seaweed and were used within a few weeks of receipt.
The abdominal ganglion and its associated nerves were removed from the animal and kept at room temperature (22 to 230C) in an artificial sea water supplemented with amino acids and vitamins (10) . Solutions were injected into the axon of the giant cell R2 essentially as described by Treistman and Schwartz (11) . A short segment of the right pleuroabdominal connective, which contains the major axon of R2, was exposed briefly to a solution of trypsin to facilitate impalement of the axon of R2 with the double-barreled electrode used 'for microinjection. After trypsinization, the cell body of R2 in the abdominal ganglion was impaled with a double-barreled microelectrode and approximately 0.1-1.0 pmol of [3H]fucose was injected. Then, after the appropriate interval, the axon of R2 in the trypsinized segment of the right connective was impaled and 0.5 nl of the appropriate solution was injected into the axon. A precise volume could be injected because the injection electrode was calibrated before use (8) . Preparations in which the resting potential recorded in the cell body was less negative than -38 mV or the resting potential recorded in the axon was less negative than -45 mV were discarded. Usually, the resting potential recorded in the cell body was -40 to -50 mV and the resting potential recorded in the axon was -50 to -60 mV.
Analysis of Fast Transport. After intrasomatic injection of [3H]fucose, radioactivity remains restricted to R2 (12, 13) .
[3H]Glycoprotein'in the cell body and axon of R2 was measured as described (12, 13 NJ) and was stored as a 10 mM stock solution in water at pH 10 to prevent polymerization of the ionic species (15) . Dilution to the appropriate concentration was done just prior to use by addition of 20 mM Tris base (pH 7.6). The final pH of the solution to be injected was 8.5.
RESULTS
Effect of DNase I on Transport. It had been shown that injection of DNase I into the cell body of the giant cerebral neuron (GCN) ofAplysia reduces the fast transport of serotonin (8) .
Material cannot be injected into either of the two main axons of the GCN because they are too thin to be impaled reliably. Material can be injected directly into the major axon of the Aplysia neuron R2 (11), however, because this axon is considerably larger (50-75 ,m in diameter). Fast and was maintained at a concentration of 3 mM for the remaining 3.5 hr of the experiment. The spatial distribution of [3H]glycoprotein in the connective shows that relatively little [3H]glycoprotein was able to pass through the isolated segment (Fig. 3B) . Thus, 'EHNA inhibited fast transport. This appeared to be approximately a threshold concentration for inhibition, as 2 mM EHNA inconsistently caused inhibition (data not shown). microtubule-associated ATPase, dynein, at concentrations in the range of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ,M (24) and thereby blocks sperm motility (24) and the movement of chromosomes during anaphase of mitosis (25) . Vanadate does not permeate an intact plasma membrane (24, 25) . In concentrations of 1 mM, 2 mM or, as shown in Fig. 3C, 4 (3, 16, 26, 27) , had previously been shown to block transport when injected into the cell body of either the Retzius cell of leech (7) or the GCN ofAplysia (8 (20, 21) , and that of the MalNEt-modified fragment was similar to, or somewhat greater than, that used in previous experiments (2, 4) . What sets DNase I apart from these other agents that inhibit actin-dependent motility is its ability to depolymerize stable actin filaments. Thus, if DNase I caused extensive loss of actin filaments, as it has been shown to do when applied to other cells (3, 16, 27) , its effect on axoplasmic organization would be expected to be most drastic ofall the agents.
Dynein Inhibitors. Microtubules are often suggested to be part of the fast transport machinery. Drugs that depolymerize microtubules block transport (5) , and spatial associations between microtubules and materials moving by fast transport have been described (30, 31) . It was thus of interest to determine whether a block of fast transport would result from the use of two recently described inhibitors of dynein, the ATPase that Neurobiology: Goldberg 7 generates the force for the most clearly established example of microtubule-dependent motility, ciliary and flagellar movement (32) . This determination was ofparticular importance because these inhibitors have recently been found to block other manifestations of intracellular organelle movement (33, 34) .
EHNA blocked transport of [3H]glycoprotein at a concentration similar to that producing inhibition of the dynein-dependent process of sperm tail movement (23) and inhibition ofpigment granule transport in fish scale erythrophores (33 
